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General Considerations
Allylbenzene, pyridine, EtOAc, AcOD-d 4 , Pd(OAc) 2 , 4,5-diazafluore-9-one (DAF) and NaOAc were purchased from Sigma Aldrich and used without additional purification. 1,4-Dioxane-d 8 was purchased from Cambridge Isotope Laboratories. (Z)-4-hexenyltosylamide was synthesized according to the literature. 1a Inhibitor free 1,4-dioxane was purchased as anhydrous 99.8% and stored under an inert atmosphere as 1,4-dioxane is a peroxide forming solvent. Ultra pure toluene was obtained from a solvent purification system using columns of Al 2 O 3 under argon.
Aerobic Pd-catalyzed kinetic data were obtained using a custom 48-well reaction apparatus that enabled reactions to be performed under a constant atmosphere of O 2 (approx 1 atm) with controlled temperature and orbital agitation. Kinetic data for the aza-Wacker reaction were analyzed by using 1,3,5-trimethoxybenzene as an internal standard. 50-100 µL aliquots were quenched by filtering through a plug of silica and subsequently washed with EtOAc. The solvent was removed with a centrifugal evaporator and the yield was measured by 1 H NMR spectroscopy. Kinetic dependencies were obtained by monitoring O 2 gas consumption using six 25 mL round-bottom reaction vessels interfaced with pressure transducers. 1 Temperature and mixing was controlled by a large oil bath on top of a hot plate.
Kinetic data for the acetoxylation reaction were analyzed by using PhNO 2 as an internal standard. 50 µL aliquots were quenched with a stock solution of 0.1 M pyridine in EtOAc and analyzed directly with gas-chromatography. NMR Characterization of was performed on a Bruker Avance-500 spectrometer equipped with BBFO+ probe. Stock solutions were made daily and with volumetric glassware cleaned and stored at room temperature.
1 H NMR chemical shifts are reported in part per million (ppm) relative to tetramethylsilane (TMS) 15 N chemical shifts are referenced externally to 1 H spectrum and calibrated to liquid ammonia (0.00 ppm). The sample temperature was calibrated with an external 4% MeOH in MeODd 3 reference. All spectra were recorded quantitatively (recycle delay of ≥ 5*T 1 ). UV-visible time course experiments were performed using a Cary 60 UV-visible spectrometer and a 2 mm cuvette at room temperature. Crystal diffraction data were collected by University of Wisconsin, Madison X-ray Crystallography Center. Elemental data collection was performed by Robertson Microlit Laboratories.
UV-visible experiments were performed in a 1 mm cuvette using a Cary 60 spectrometer. DAF/Pd(OAc) 2 concentrations were kept the same for a direct comparison. The acetoxylation reaction mixture from the UV-visible experiment was subjected to vapour diffusion with pentane at 4 °C for two days to obtain red crystals suitable for XRD analysis.
NMR Characterization of DAF Species in the Acetoxylation Reaction
The formation of the Pd I complex species was investigated by performing an acetoxylation experiment in a J-Young tube with 13.5 mM DAF/Pd(OAc) 2 , 54 mM NaOAc, 67.5 mM allylbenzene at 40 °C with 3.2 atm O 2 in a solvent mixture of 3:1 1,4-dioxane-d 8 /AcOD-d 4 . The DAF speciation and product formation was monitored to approximately 30% yield after 70 minutes. The reaction was then cooled in the spectrometer to 5 °C and the DAF speciation was rigorously characterized. 
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NMR Characterization of Pd(I) in Amidation Reaction
The reaction was performed in CDCl 3 as to observe the Pd(I) species formed in situ at concentrations that gave adequate signal to noise. Reaction was performed at 24 °C under air by combined two stock solutions of substrate (0.2 M) and catalyst (50 mM) and injecting into the spectrometer at -35 °C within 5 minutes of mixing. The reaction turned from yellow to red within 1 minute of mixing. A single new DAF species was observed was and subsequently characterized by quantitative 1D 1 1 H 1D TOCSY selected peak at 8.73 ppm, ns = 16, ds = 2, d1 = 1s, mix = 0.08s.
1 H 1D NOESY ns = 800, ds = 2, d1 = 3 s, mix = 0.5 s. NOE from o-CH of Pd(I) dimer synthesized in situ can be seen to the acetate. The integrations are 4:12 because there is free acetic acid present that is freely exchanging after reduction. This integration is because the catalyst used was DAF/Pd(OAc) 2 . 
Independent Synthesis and Characterization of Pd(I) Dimer, [Pd I (µ-DAF)(OAc)] 2
In a glovebox, 4,5-diazafluoren-9-one, (DAF, 2 eq, 73.2 mg, 0.4 mmol), Pd(OAc) 2 (1 eq, 44.8 mg, 0.2 mmol), and Pd 2 dba 3 (0.5 eq, 91.5 mg, 0.1 mmol) were added to a 25 mL scintillation vial with stir bar. 20 mL of acetonitrile were added and mixed at room temperature. The solution changed from deep purple to red and cloudy after 5 minutes. After 4 hours, the reaction mixture was collected using a fine glass filter frit and washed several times with acetonitrile, benzene, chloroform and pentane. 
UV-visible Characterization of Pd Species In Solution
An extinction coefficient for [Pd I (µ-DAF)(OAc)] 2 was determined by using the independently synthesized compound ([Eq. (5)] in the manuscript). The maximum accessible concentration of the Pd I complex in 3:1 dioxane/AcOH is 2.5 mM. Beer's Law behavior was observed for solutions of this complex below this concentration ( Figure S12 ). 
Kinetic Competence of [Pd I (µ-DAF)(OAc)] 2 versus DAF/Pd(OAc) 2
We found that the Pd I dimer was soluble in pure acetic acid up to 17 mM which enabled a direct kinetic comparison with DAF/Pd(OAc) 2 in pure acetic acid. Initiating the reaction with Pd I provided an initial rate that was similar to the post-burst rate when the reaction was initiated with DAF/Pd(OAc) 2 . A 3:1 Dioxane/AcOH solution with 2.5 mM [Pd I (µ-DAF)(OAc)] 2 54 mM NaOAc was subjected to an atmosphere of O 2 at 80 °C for two hours. The UV-vis spectrum was acquired prior to heating using a 1 mm quartz cuvette to give the characteristic absorbance at 475 nm. The UV-vis spectrum was then again recorded at 2 hours after a substantial color change was observed from red to yellow. The yellow solution provided an absorbance spectrum consistent of 5 mM DAF/Pd(OAc) 2 . 
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Computational Details for UV-visible Calculations
All geometries were fully optimized via unrestricted density functional theory 4 using the CAM-B3LYP functional, LANL2TZ(f) basis set and effective core potential 5 for palladium and 6-31g(d) basis set for all other atoms using Gaussian09. 6 Analytical computation of vibrational frequencies for all stationary-point structures were carried to confirm the absence of imaginary frequencies.
7 TD-DFT calculations were performed using the CAM-B3LYP functional at the optimized geometries, employing the same basis set for palladium and the 6-311G(2df,p) basis set for other atoms. The SMD continuum solvation model was used to model the effects of dioxane. 8 The computed extinction coefficient for the Pd I dimer (ε = 988 M -1 cm -1 ) was estimated by viewing the predicted UV-visible spectrum in Gaussview using a 1 cm -1 gaussian fit. 
Key Computed UV-Visible Transitions
4,5-Diazafluoren-9-one Excited
Data Collection
A red crystal with approximate dimensions 0.19 x 0.18 x 0.04 mm 3 was selected under oil under ambient conditions and attached to the tip of a MiTeGen MicroMount©. The crystal was mounted in a stream of cold nitrogen at 100(1) K and centered in the X-ray beam by using a video camera.
The crystal evaluation and data collection were performed on a Bruker Quazar SMART APEXII diffractometer with Mo K α (λ = 0.71073 Å) radiation and the diffractometer to crystal distance of 4.96 cm. The initial cell constants were obtained from three series of ω scans at different starting angles. Each series consisted of 12 frames collected at intervals of 0.5º in a 6º range about ω with the exposure time of 15 seconds per frame. The reflections were successfully indexed by an automated indexing routine built in the APEXII program suite. The final cell constants were calculated from a set of 9931 strong reflections from the actual data collection.
The data were collected by using the full sphere data collection routine to survey the reciprocal space to the extent of a full sphere to a resolution of 0.80 Å. A total of 19730 data were harvested by collecting 5 sets of frames with 0.4º scans in ω and φ with exposure times of 40 sec per frame. These highly redundant datasets were corrected for Lorentz and polarization effects. The absorption correction was based on fitting a function to the empirical transmission surface as sampled by multiple equivalent measurements. 9 
Structure Solution and Refinement
The systematic absences in the diffraction data were consistent for the space groups Cc and C2/c. The E-statistics strongly suggested the centrosymmetric space group C2/c that yielded chemically reasonable and computationally stable results of refinement. 10 A successful solution by the direct methods provided most non-hydrogen atoms from the E-map. The remaining non-hydrogen atoms were located in an alternating series of least-squares cycles and difference Fourier maps. All non-hydrogen atoms were refined with anisotropic displacement coefficients. All hydrogen atoms were included in the structure factor calculation at idealized positions and were allowed to ride on the neighboring atoms with relative isotropic displacement coefficients.
The only crystal large enough for the single-crystal X-ray diffraction experiment proved to be a nonmerohedral twin with a minor (<10%) second component contribution. The twin components are related by a 179.9° rotation about direct axis [100] . The data were integrated and corrected for absorption as twinned followed by a separation of the data for the major component. The structure solution and refinement are based on the data for the major component only as if the data were acquired on a single crystal.
There are two molecules of acetic acid and one molecule of dioxane per dinuclear Pd complex in the lattice. The dinuclear Pd complex resides on a crystallographic 2-fold axis. The solvent dioxane occupies a crystallographic inversion center.
The final least-squares refinement of 238 parameters against 3635 data resulted in residuals R (based on F 2 for I≥2σ) and wR (based on F 2 for all data) of 0.0260 and 0.0644, respectively. The final difference Fourier map was featureless. 
Summary
